Differentiation of oligodendrocytes is associated with dramatic changes in plasma membrane structure, culminating in the formation of myelin membrane sheaths. Previous results have provided evidence that regulation of endocytosis may represent a mechanism to control myelin membrane growth. Immature oligodendrocytes have a high rate of clathrin-independent endocytosis for the transport of membrane to late endosomes/lysosomes (LE/Ls). After maturation and receiving signals from neurons, endocytosis is reduced and transport of membrane from LE/Ls to the plasma membrane is triggered. Here, we show that changes in Rho GTPase activity are responsible for switching between these two modes of membrane transport. Strikingly, Rho inactivation did not only reduce the transport of cargo to LE/L but also increased the dynamics of LE/L vesicles. Furthermore, we provide evidence that Rho inactivation results in the condensation of the plasma membrane in a polarized manner. In summary, our data reveal a novel role of Rho: to regulate the flow of membrane and to promote changes in cell surface structure and polarity in oligodendroglial cells. We suggest that Rho inactivation is required to trigger plasma membrane specialization in oligodendrocytes.
Introduction
Differentiation of oligodendrocytes is an extreme example of cell specialization characterized by the outgrowth of an extensive amount of plasma membrane. This process leads to the generation of myelin and is associated with dramatic changes in plasma membrane structure and composition (Salzer, 2003; Sherman and Brophy, 2005) . Although myelin is still continuous with the plasma membrane, its composition differs fundamentally from that of the membrane surrounding the cell body (Taylor et al., 2004; Debruin and Harauz, 2007; Gielen et al., 2006) . Myelin has an exceptionally high content of lipids (70% of dry weight), in particular galactosylceramide and cholesterol, and contains a small number of different proteins, which are in most cases mainly found in myelin. The major myelin proteins in compact myelin, the proteolipid proteins (PLP/DM20), are highly hydrophobic, cholesterol-interacting proteins (Milner et al., 1985; Simons et al., 2000) . Intuitively, one would assume that the synthesis of myelin membrane proteins and lipids is turned on by neuronal signals, because they are required at the time oligodendrocytes begin wrapping their membrane around axons. Surprisingly, the gene expression of the major myelin components is initiated and also continues at a high rate in primary cultures of oligodendrocytes in the absence of neurons (Mirsky et al., 1980; Dubois-Dalcq et al., 1986; Dugas et al., 2006) . However, because the ensheathment of axons must occur at the appropriate time of neuronal development, reciprocal communication between neurons and oligodendrocytes plays an important role in the coordination of myelin membrane growth (Barres and Raff, 1999; Edgar et al., 2004; Schafer and Rasband, 2006; Simons and Trajkovic, 2006) . Recent work has provided evidence that myelin membrane trafficking is under the control of neuronal signals . In the absence of neurons, PLP is internalized and stored in late endosomes/lysosomes (LE/Ls). After receiving an unknown diffusible neuronal factor, endocytosis of PLP is downregulated and transport of PLP from LE/L to the plasma membrane is triggered. The aim of the present work was to investigate the molecular mechanism of how oligodendrocytes switch between these two modes of membrane transport. We found that changes in Rho GTPase activity play a critical role in this process by regulating the flow of membrane through the endosomal system.
Materials and Methods
Antibodies and plasmids. The following plasmids were used: mutant and wild-type cDNAs of green fluorescent protein (GFP)-Eps15 (A. Benmerah, Institut Pasteur, Paris, France), mutant and wild-type GFP-dynaminII (S. Schmid, Scripps Research Institute, La Jolla, CA), RaichuRhoA-1237X (M. Matsuda, Kyoto University, Kyoto, Japan) (Yoshizaki et al., 2003) , wild-type and mutant RhoA, RhoB, and RhoC (obtained from the Unité Mixte de Recherche cDNA Resource Centre), wild-type and mutant c-Src (G. Superti-Furga, EMBL, Heidelberg, Germany; S. Gutkind, National Institutes of Health, Bethesda, MD) (Sandilands et al., 2004) ; the N-terminal 20 amino acids of neuromodulin (which contain a consensus sequence for dual palmitoylation) fused to GFP (membranetargeted GFP) (Schneider et al., 2005) . The following primary antibodies were used: hemagglutinin (HA) (16B12, mouse monoclonal; Covance, Berkley, CA), HA (rabbit polyclonal IgG; Abcam, Cambridge, UK), GFP (polyclonal rabbit; Abcam), GM130 (mouse monoclonal IgG1; BD Biosciences, Franklin Lakes, NJ), Lamp-1 (CD 107a, rat monoclonal; BD Biosciences), myc (rabbit polyclonal IgG; Upstate Biotechnology, Temecula, CA), myc (monoclonal IgG; Cell Signaling Technology, Denver, CO), O10 (monoclonal mouse IgM) (Jung et al., 1996) , RhoA (26C4, mouse monoclonal; Santa Cruz Biotechnology, Santa Cruz, CA), and Src (36D10, rabbit monoclonal IgG; Cell Signaling Technology). Secondary antibodies were purchased from Dianova (Hamburg, Germany).
Cell culture, cloning, and transfections. Primary cultures of mouse oligodendrocytes were prepared as described previously (Simons et al., 2000) . After shaking, cells were plated in MEM containing B27 supplement, 1% horse serum (HS), L-thyroxine, tri-iodo-thyronine, glucose, glutamine, gentamycine, pyruvate, and bicarbonate on poly-L-lysinecoated dishes or glass coverslips. The oligodendroglial precursor cell line, Oli-neu, was cultured as described previously (Jung et al., 1995) . For all experiments, Oli-neu cells with a low passage number were used. Primary cultures enriched in neurons were obtained by preparing a mixed brain culture from 16-d-old fetal mice. The cells were plated at a density of ϳ200 000 cells/cm 2 and grown for 2 weeks in Sato-B27/1% HS. The culture was enriched in neurons but contained some astrocytes. Conditioned neuronal medium was obtained from these cultures, collected after culturing for 2 weeks, centrifuged for 5 min at 4000 ϫ g, and used directly.
Primary cultures of astrocytes were prepared from a mixed brain culture from 16-d-old fetal mice. The cells were plated on uncoated cell culture dishes and cultured in DMEM/10% HS.
Cells were trypsinized and transferred to a new dish to remove the neurons. Cultures that were highly enriched in astrocytes were grown for 2 weeks in Sato-B27/1% HS.
Transient transfections were performed using FuGENE transfection reagent according to the manufacturer protocol. Immunofluorescence was performed as described previously . For delivery of recombinant C3 transferase (Cytoskeleton, Denver, CO), Chariot reagent (Active Motif, Carlsbad, CA) was used according to the manufacturer protocol.
Wild-type, dominant-negative, and constitutively active RhoBenhanced GFP (EGFP) and RhoC-EGFP fusion products were generated from the respective HA-tagged Rho constructs by cloning them into the pEGFP-C1 vector (Clontech, Mountain View, CA) using the ApaI-KpnI site.
Immunofluorescence and endocytosis assays. Endocytosis was assessed by incubating Oli-neu cells stably expressing PLP-EGFP cells for 30 min with Transferrin-Rhodamine (Tf) (Invitrogen, Carlsbad, CA) or Dextran-Rhodamine 10K (Dextran) (Invitrogen). Cells were subsequently washed and fixed, followed by microscopy analysis. For assaying endocytosis of glycosylphosphatidylinositol (GPI)-cyan fluorescent protein (CFP), living cells were incubated with anti-GFP antibody in medium for 30 min at 4°C, washed, incubated in medium at 37°C for 30 min, and fixed. Fixed, nonpermeabilized cells were labeled with Cy5-conjugated secondary antibodies to visualize GPI-CFP at the cell surface and then permeabilized and labeled with Cy3-conjugated secondary antibodies to resolve internalized protein. To analyze endocytosis of ChxB, ChxB conjugated to FITC was bound to the cell surface at 4°C, and the cells were warmed for 40 min to allow transport to the Golgi complex. Using mask overlay image analysis, we quantified the internalization of FITC-ChxB (Sigma-Aldrich, Deisenhofen, Germany) to the GM130-positive Golgi apparatus. Laurdan (6-dodecanoyl-2-dimethylaminonaphtalene; Invitrogen) labeling was performed in live cultures (5 M, 30 min at 37°C), followed by fixation with 4% paraformaldehyde. To deplete sphingolipids, 50 M Fumonisin B1 was added to Oli-neu cells every 24 h for 3 d.
Microscopy and analysis. Fluorescence images were acquired on a Leica (Nussloch, Germany) DMRXA microscope or a Zeiss (Jena, Germany) LSM 510 confocal microscope with a 63ϫ oil plan-apochromat objective [numerical aperture (NA), 1.4]. For live cell imaging, coverslips containing the cells were mounted in a live-cell imaging chamber and observed in low fluorescence imaging medium (HBSS; 10 mM HEPES, 1% horse serum, pH 7.4) at 37°C. Temperature was controlled by means of a Tempcontrol 37-2 digital system or a custom-built perfusion system. Time-lapse imaging was performed on a Zeiss LSM 510 confocal laserscanning microscope. Image processing and analysis was performed using Meta Imaging Series 6.1 software (Universal Imaging Corporation, West Chester, PA). Quantification of fluorescence intensities and of colocalization was performed as described previously . Vesicle movement was analyzed by collecting images at ϳ15 s intervals. Ten subsequent images were superimposed, and the first image of the time stack was subtracted from the resulting picture. The resulting subtraction is shown in green, and the first image is shown in red. Movement within the imaging period was quantified by determining the ratio of the intensity of green to red pixels [(integrated intensity of subtraction plus integrated intensity of first image)/integrated intensity of first image] (Wubbolts et al., 1996) .
For flourescence resonance energy transfer (FRET) measurements, we used Raichu-RhoA-1237X (Yoshizaki et al., 2003) , and FRET was detected by an increase in donor fluorescence after photobleaching of the acceptor on a confocal Leica microscope (TCS SP2 equipped with AOBS) as described previously (Fitzner et al., 2006) . Image analysis of FRET data was performed using custom-written MATLAB routines.
For Laurdan experiments, we used a Zeiss LSM 510 confocal microscope with a 63ϫ oil plan-apochromat objective (NA, 1.4; Zeiss) to excite at 364 nm, and images were recorded simultaneously in the range of 400 to 450 nm and 470 to 530 nm for the two channels, respectively. For analysis of the Laurdan images, an average background was determined for each channel and subtracted from the intensity images, which were then converted into GP images with the generalized polarization (GP) defined by the following:
using software written in MATLAB (MathWorks, Natick, MA). Note that this definition of the GP depends on the setup used and allows monitoring relative changes of membrane order but cannot be compared directly to absolute values in the literature. To determine the GP values at the plasma membrane, regions of interest were selected randomly and the average GP, weighted in each pixel with the total Laurdan intensity I(400 -450) ϩ I(470 -530), was calculated therein . Statistical differences were determined with Student's t test. Src kinase and RhoA activity measurements. Rho activity was measured by affinity precipitation of active (GTP-bound) Rho from cell lysates using a glutathione S-transferase (GST) fusion protein containing the Rho-binding domain of Rhotekin followed by detection with the respective antibody by immunoblotting as described previously (Ren et al., 1999) .
To measure Src kinase activity, cell lysates were immunoprecipitated with anti-Src kinase antibody and subjected to a kinase assay by using an Src Assay kit (Upstate Biotechnology). The assay is based on the quantification of the phosphorylation of a synthetic Src substrate peptide (KVEKIGEGTYGVVK). The phosphorylated substrate is then separated from residual ␥-32 P-ATP using p81 phosphocellulose paper, followed by the quantification with a scintillation counter.
For immunoblotting, cells were lysed and protein levels quantified using Bradford Reagent (Bio-Rad, Hercules, CA). The cell lysates were loaded on a gel, separated by SDS-PAGE, and transferred to nitrocellulose using standard protocols.
Results

Subcellular localization of PLP is regulated by Rho GTPases and tyrosine kinases
As a cellular model, we used the oligodendroglial cell line, Oli-neu, stably expressing PLP-EGFP . The advantage of this system is that cell differentiation can be triggered synchronously by adding conditioned medium from primary neuronal cultures to the cells. This treatment leads to the formation of a branching network of cellular processes. The morphological differentiation of Oli-neu cells is accompanied by a reorganization of membrane trafficking as shown by the redistribution of PLP from LE/L to the cell surface. This response was not observed when Oli-neu cells were cultured with conditioned medium from primary cultures of astrocytes ( Fig. 1) . One aim of our present work was to identify the molecular mechanisms of this regulation. To this end, we screened the effect of a wide range of small molecules on the distribution of PLP-EGFP in Oli-neu cells. The tyrosine kinase inhibitor, Genistein, and the Rho-kinase (ROCK) inhibitor, Y27632, led to a redistribution of PLP from Lamp-1-positive LE/Ls to the surface of the plasma membrane ( Fig. 1) . ROCK kinases are regulated by Rho; we therefore transfected Oli-neu cells with the C3 transferase to block the activity of Rho. Inhibition of Rho led to a similar redistribution of PLP (Fig. 1) . These results suggest that the activity of Rho may be involved in the regulation of membrane trafficking in oligodendrocytes.
Neurons regulate RhoA GTPase activity in oligodendroglial cells
To investigate a possible influence of neurons on RhoA activity in Oli-neu cells, we determined the activity of RhoA in Olineu cells, which were treated with conditioned medium from neuronal cultures or untreated. RhoA activity was measured by affinity precipitation of active (GTP-bound) Rho from cell lysates using a GST fusion protein containing the Rho-binding domain of Rhotekin (Ren et al., 1999) . We found that the stimulation of Oli-neu cells with neuronal medium decreased the activity of RhoA (Fig. 2 A) . To obtain further support for a downregulation of RhoA activity after cell differentiation, we took advantage of a recently developed FRET-based biosensor for RhoA activity (Raichu-RhoA-1237X) (Yoshizaki et al., 2003) . Raichu-RhoA monitors the balance between guanine nucleotide exchange factors and GTPase activating proteins. The GTP-loading of Raichu-RhoA leads to the intramolecular binding of GTP-RhoA to the effector protein, Rho effector protein kinase N (PKN), and brings CFP in closer proximity to yellow fluorescent protein (YFP), thereby leading to an increase in FRET. FRET efficiency was measured by donor dequenching after acceptor photobleaching. We found that coculturing Oli-neu cells with neurons or treatment of Oli-neu cells with conditioned neuronal medium reduced FRET efficiency compared with controls ( Fig. 2 B) . These results with two independent approaches indicate that neurons reduce RhoA activity in oligodendroglial cells.
Regulation of endocytosis by Rho GTPase and tyrosine kinase activity
Internalization of plasma membrane can occur by different endocytic pathways, and several of those depend on the activity of Rho GTPases. We have shown previously that neurons reduce the endocytosis of PLP in oligodendrocytes . We now determine whether the inhibition of endocytosis was specific for this particular pathway and, if so, how this pathway was regulated. To gain more insight in the regulation of endocy- tosis in oligodendroglial cells, we started our analysis by examining receptor-mediated, clathrin-dependent, and fluid-phase endocytosis. Receptor-mediated, clathrin-dependent endocytosis was assessed by incubating Oli-neu cells for 30 min with Tf. Similar amounts of Tf were internalized in Oli-neu cells cultured with or without conditioned neuronal medium (Fig. 3) . Subsequently, fluid-phase endocytosis was studied by feeding cells for 30 min with Dextran. Stimulation of Oli-neu cells by neuronal medium greatly inhibited the internalization of Dextran (Fig. 3) . To examine by which pathway fluid-phase was taken up by oligodendroglial cells, we treated cells with various pharmacological inhibitors or expressed dominant-negative proteins to specifically interfere with the different endocytosis pathways. To inhibit clathrin-dependent internalization, we expressed a dominantnegative isoform of eps15 (EDelta/295) or dynaminII (dyn2K44A). Uptake of Dextran was not changed, although internalization of Tf was dramatically reduced (Fig. 3) . These results indicated that fluid-phase did not depend on clathrin or dynaminII for endocytosis. Because most clathrin-independent pathways are sensitive to cholesterol or sphingolipid depletion, we used Fumonisin B1 (FB1) to selectively deplete sphingolipids (Cheng et al., 2006) . Treatment of Oli-neu cells with FB1 did not affect the endocytosis of Tf but reduced the uptake of Dextran (Fig. 3) . Both Rho GTPases and tyrosine kinases are known to play a regulatory role in clathrin-independent internalization pathways (Lamaze et al., 2001; Qualmann and Mellor, 2003; Damm et al., 2005) . When Oli-neu cells were treated with the C3 transferase or Genistein, the uptake of Dextran was markedly reduced without affecting Tf internalization (Fig. 3) .
To further explore the regulation of endocytosis, we studied the uptake of two lipid-raft markers, FITC-cholera toxin B subunit (ChxB) and GPI-CFP. Both GPIanchored proteins and ChxB use clathrinindependent endocytosis pathways in most cells (Orlandi and Fishman, 1998; Sabharanjak et al., 2002; Kirkham et al., 2005) . To analyze endocytosis of ChxB, ChxB conjugated to FITC was bound to the cell surface at 4°C, followed by incubation of the cells at 37°C for 40 min to allow transport to the Golgi complex. Using mask overlay image analysis, we quantified the internalization of FITC-ChxB to the GM130-positive Golgi apparatus. Compared with control cells, treatment with conditioned neuronal medium resulted in a significant inhibition in the delivery of FITC-ChxB to the Golgi (Fig. S1 , available at www.jneurosci.org as supplemental material). To obtain further support for the inhibition of endocytosis by neuronal stimulation, we quantified the amount of FITC-ChxB being internalized during a 10 min uptake assay. Pretreatment of cells with conditioned neuronal medium reduced the uptake of ChxB significantly (Fig. S1 , available at www.jneurosci.org as supplemental material). These findings support the conclusion that neurons regulate an endocytosis pathway used at least in part by ChxB. Next, we studied the endocytosis of GPI-CFP by performing antibody uptake experiments. In these experiments, internalized antibodies need to be distinguished from antibodies remaining at the cell surface. Because acidstripping and phosphatidylinositol-specific phospholipase C treatment were unable to fully remove anti-GFP antibody from the cell surface, we developed an alternative approach. Cells were labeled at 4°C with polyclonal antibodies against GFP (anti-GFP) and then warmed to 37°C to allow internalization of antibodies bound to GPI-CFP. Fixed, nonpermeabilized cells were labeled with Cy5-conjugated secondary antibodies to visualize GPI-CFP at the cell surface and then permeabilized and labeled with Cy3-conjugated secondary antibodies to resolve internalized protein.
Pretreatment of Oli-neu cells with neuronal medium led to a marked inhibition in endocytosis of GPI-CFP (Fig. 4 A) . In addition, and as observed for the uptake of Dextran, the treatment with Genistein and C3 transferase efficiently blocked endocytosis of GPI-CFP (Fig. 4 A) . Together, these data show that differentiation of Oli-neu cells is accompanied by a downregulation of an endocytosis pathway, which is used by GPI-linked fluorescent proteins and is responsible for the uptake of a major fraction of the fluid-phase. This pathway does not depend on clathrin function but requires tyrosine kinases and Rho activity.
Endocytosed GPI-CFP is transported to LE/L in Oli-neu cells
In most cells, GPI-anchored proteins are routed from early endosomes into recycling endosomes before returning to the plasma membrane (Sabharanjak et al., 2002) . Surprisingly, we found that a fraction of GPI-EGFP was present in LAMP-1-positive LE/Ls in Oli-neu cells (Fig. 4 B) as described previously for baby hamster kidney cells (Fivaz et al., 2002) . Little colocalization of GPI-EYFP and Lamp-1 was seen in Oli-neu cells treated with conditioned neuronal medium (Fig. 4 B) . We followed the Figure 2 . Neurons regulate RhoA GTPase activity in Oli-neu cells. A, Oli-neu cells were grown for ϳ8 h in the presence (cnm) or absence (ctrl) of conditioned medium from neuronal cultures. RhoA activity was measured by affinity precipitation of active (GTP-bound) Rho from cell lysates using a GST fusion protein containing the Rho-binding domain of Rhotekin. Precipitated proteins (active) and cell lysates (total) were immunoblotted with monoclonal antibody recognizing RhoA. Values are given as the mean Ϯ SE of an average of three independent experiments (*p Ͻ 0.05; t test). B, Oli-neu cells were transfected with a plasmid encoding for Raichu-RhoA-1237X and grown for ϳ8 h in the presence (cnm) or absence (ctrl) of conditioned medium from neuronal cultures or were added directly to primary neuronal cultures (coculture). Confocal fluorescence images of transfected Oli-neu cells are shown before (prebleach) and after (postbleach) photobleaching of the donor and acceptor, respectively. The acceptor was bleached in the region indicated by the rectangle. FRET efficiency was measured by donor dequenching after acceptor photobleaching and is represented in an efficiency map in pseudocolor (low to high FRET efficiency from blue to red). The error bars represent the means Ϯ SE (n Ͼ 25 cells; ***p Ͻ 0.001; t test). Scale bars, 10 m.
endocytosis of GPI-CFP by antibody-internalization experiments and found that GPI-CFP was internalized from the plasma membrane to LE/Ls in Oli-neu cells (Fig. 4C) .
Regulation of LE/L dynamics by RhoB and c-Src activity
We suggested previously that LE/Ls may have a specialized function in oligodendrocytes, namely to store and release membrane in a regulated manner . Having established that Rho and tyrosine kinases regulate endocytosis in Oli-neu cells, we next asked whether they also regulate LE/L dynamics. In the absence of neurons, the majority of LE/Ls in oligodendrocytes are immobile and clustered perinuclear. When conditioned neuronal medium is added to Oli-neu cells, two pools of LE/Ls are observed: a perinuclear, immobile pool and a peripheral pool of highly mobile vesicles. When Oli-neu cells were treated with either C3 transferase or Genistein, we observed a redistribution of Lamp-1-positive LE/Ls to the cell periphery (Fig. 5A) . To explore possible differences in the motility of LE/Ls, we performed fluorescence live imaging experiments by collecting images with a time interval of 15 s for PLP-EGFP and LysoTracker red. As shown previously, LE/Ls are primarily immobile in Oli-neu cells. Both treatments with Genistein or C3 transferase significantly increased the fraction of LE/Ls that moved during the time of the recordings (Fig. 5A) . We investigated whether ROCK was involved in the regulation of LE/L motility by incubating cells with Y27632. We observed a significant increase in motility of LysoTracker-labeled vesicles (Fig. 5B) . Similar results were obtained when primary cultures of oligodendrocytes were treated with Y27632 (Fig. 5C) . These experiments suggest a role for Rho, ROCK, and tyrosine kinases in the regulation of LE/L dynamics in oligodendrocytes.
Higher vertebrates have three highly homologous Rho GTPases (RhoA, RhoB, and RhoC), which have different subcellular localizations and functions (Ridley, 2006) . To test whether any of these proteins localizes to LE/Ls, we expressed HA-tagged wildtype, constitutively active and inactive versions of RhoA, RhoB, and RhoC, respectively. We found colocalization of both the wild-type and the constitutively active GTPase-deficient mutant (G14V) of RhoB with Lamp-1 (Fig. 5D) . Predominantly cytoplasmic staining and some plasma membrane labeling, but no colocalization, with Lamp-1 was observed for RhoA and RhoC (data not shown). These results are consistent with previous studies demonstrating a localization of RhoB to multivesicular endosomes (Robertson et al., 1995; Wherlock et al., 2004) . We used a dominant-negative version of RhoB(T19N) to analyze whether RhoB is involved in the regulation of LE/L motility in Oli-neu cells. Transfection of dominant-negative RhoB led to a redistribution of a fraction of Lamp-1-positive LE/Ls to the cell periphery and increased the motility of the vesicles (Fig. 5E ). To further confirm the role of RhoB in the regulation of endosome dynamics and to test for the specificity of the effects, we expressed the constitutively active forms of RhoA, RhoB, and RhoC in Oli-neu cells, in which the motility of endosomes had been induced by the incubation with conditioned neuronal medium. We found that all three Rho GTPases reduced the movement of LysoTrackerlabeled vesicles, but RhoB did this to the greatest extent (Fig. 5F ). Because these results suggest a role for RhoB in the regulation of endosome dynamics, we measured the activity of RhoB in a Rhotekin pull-down assay after incubation of Oli-neu cells with conditioned neuronal medium. Similar to the results obtained with RhoA, we found that the levels of activated/GTP-bound RhoB decreased by conditioned neuronal medium compared with untreated cells (Fig. S2 , available at www.jneurosci.org as supplemental material).
Recently, RhoB has been shown to regulate early endosome dynamics (Fernandez-Borja et al., 2005) and has been identified as a regulator of c-Src activity (Sandilands et al., 2004) . We therefore tested the role of the tyrosine kinase, c-Src, in the regulation of LE/L dynamics. We began our analysis by determining the protein levels of Src in oligodendrocytes. We found that Oli-neu cells expressed Src and that levels of expression were reduced after treating cells for 16 h with conditioned neuronal medium (Fig.  6 A) . Next, we determined the c-Src kinase activity by phosphorylation of a specific c-Src peptide substrate. Conditioned neuronal medium reduced c-Src kinase activity compared with control cells, further suggesting a downregulation of Src function after treatment with conditioned neuronal medium (Fig. 6 B) We also detected Src in primary cultures of oligodendrocytes, and consistent with previous results (Colognato et al., 2004) , the expression of Src was markedly reduced after morphological differentiation of oligodendrocytes (Fig. 6C) .
We continued our analysis by determining the localization of c-Src in Oli-neu cells. Exogenously expressed active c-Src showed extensive colocalization with both PLP and Lamp-1, demonstrat- ing its LE/L localization in Oli-neu cells (Fig. 6 D) . We expressed active c-Src in primary cultures of oligodendrocytes and observed the same extent of colocalization with Lamp-1. In addition, we found that exogenously expressed active c-Src resulted in perinuclear clustering of LE/Ls in primary oligodendrocytes (Fig. 6 E) , suggesting a role for Src in the regulation of LE/L function.
To determine whether Src influences the motility of LE/L, we exogenously expressed the constitutively active form of c-Src in Oli-neu cells, which had been preincubated with conditioned neuronal medium. Expression of constitutively active c-Src resulted in perinuclear clustering of LE/Ls and in a reduction of the motility of LysoTracker-labeled vesicles (Fig. 6 F) . Thus, both changes in Rho and Src activity modulate the dynamics of LE/Ls in Olineu cells.
Plasma membrane condensation in Oli-neu cells
Our results indicate that differentiation of Oli-neu cells is not only accompanied by a downregulation of a clathrinindependent, sphingolipid/cholesteroldependent endocytosis pathway, but is also associated with the mobilization of late endosomal/lysosomal membrane possibly for transport back to the plasma membrane. Both mechanisms may result in a gradual accumulation of cholesterol and sphingolipids in the plasma membrane of Oli-neu cells.
To study whether differentiation of Oli-neu cells is accompanied by alterations in the lipid structure of the plasma membrane, we used the fluorescent probe Laurdan to visualize its lipid order. Laurdan is an environmentally sensitive dye that undergoes a shift in its peak emission wavelength from ϳ500 nm in fluid membranes to ϳ440 nm in ordered membranes (Bagatolli et al., 2003; Gaus et al., 2003) . The fluorescence intensity of Laurdan was recorded simultaneously at both peak emission wavelengths, and the normalized ratio representing the GP was used to determine the lipid order in the cell membranes. Higher GP values indicate a more condensed and ordered membrane. We found that treatment of Olineu cells with conditioned neuronal medium resulted in a dramatic increase in the lipid order of the cell membrane (Fig.  7 A, B) . Furthermore, the GP images revealed that the membrane in the cellular processes was more condensed and ordered than the membrane enclosing the cell body (Fig. 7C) . When Oli-neu cells (Fig. 3) , and the uptake of GPI-CFP was analyzed by antibody uptake experiments. Cells were labeled at 4°C with a polyclonal antibody against GFP and then warmed to 37°C for 30 min to allow internalization of antibodies bound to GPI-CFP. Fixed, nonpermeabilized cells were labeled with Cy5-conjugated secondary antibody to visualize GPI-CFP at the cell surface (blue) and then permeabilized and labeled with Cy3-conjugated secondary antibodies to resolve internalized protein (red). By image analysis, we determined the ratio of Cy3-to Cy5-labeled GPI-CFP to obtain a value for the amount of protein internalized. Values represent the mean Ϯ SE (n Ͼ 30 cells; **p Ͻ 0.01; ***p Ͻ 0.001; t test). B, Oli-neu cells were transfected to express GPI-EGFP, incubated with conditioned neuronal medium (cnm) for 16 h or not incubated (ctrl), and treated with cycloheximid for the last4hoftheincubation period to inhibit protein synthesis and to chase GPI-EGFP from the biosynthetic pathway. Cells were processed and analyzed by immunofluorescence for Lamp-1 (red) and GPI-EGFP (green) colocalization. C, The endocytosis of GPI-CFP was followed by antibody-internalization experiments (for 45 min at 37°C). Cells were labeled at 4°C with polyclonal antibodies against GFP (anti-GFP) and then warmed to 37°C to allow internalization of antibodies bound to GPI-CFP together with Tf. Cells were fixed, permeabilized, and labeled with Alexa 488-conjugated secondary antibodies to resolve internalized GPI-CFP. Note the colocalization of anti-GFP (green) with Lamp-1 (blue) but not with Tf. Scale bars, 10 m.
were treated with the C3 transferase, we also observed an increase in the GP values predominately in the membrane protrusions (Fig. 7 A, C) .
Discussion
We show that changes in Rho activity are responsible for switching between two modes of membrane transport in Oli-neu cells. In immature cells Rho is required for the function of a clathrin-independent endocytosis pathway that is used to transport membrane to LE/L. After morphological differentiation of Oli-neu cells, Rho activity is reduced, which is accompanied by the specific downregulation of the clathrin-independent endocytosis pathway and the mobilization of LE/L vesicles.
What is the physiological function of this regulation? The formation of myelin requires the synthesis of a huge amount of membrane with a specific lipid composition. We therefore propose that the downregulation of this sphingolipid/ cholesterol-dependent endocytosis pathway represents a mechanism to control the plasma membrane composition of oligodendrocytes. This mechanism may contribute to the generation of myelin with its exceptionally high content of galactosylceramide and cholesterol. The reduction of this specific form of endocytosis may lead to a gradual accumulation of myelin membrane components within the plasma membrane of oligodendrocytes. Indeed, by using Laurdan to visualize the lipid packing, we observed a significant increase in the lipid order of the plasma membrane after treatment of the cells with conditioned neuronal medium or C3 transferase. We have shown recently that the formation of myelin in neuron-glia cocultures is associated with a condensation of the plasma membrane and that myelinbasic protein (MBP), a protein essential for myelin biogenesis, was involved in this process of membrane rearrangement (Fitzner et al., 2006) . It is interesting that Oli-neu cells, which do not form compact myelin and only express small amounts of MBP, start to condense their membrane red, and imaged by confocal microscopy. Changes in mobility were determined as described in A. Values represent the mean Ϯ SE (n Ͼ 20 cells; *p Ͻ 0.05; t test). F, Oli-neu cells were transfected to express membrane-targeted GFP (ctrl) or the constitutively active versions of RhoB, RhoA, and RhoC fused to GFP treated with conditioned neuronal medium (cnm) for 12 h and labeled with LysoTracker red, and changes in mobility were determined as described in A. Values represent the mean Ϯ SE (n Ͼ 20 cells; **p Ͻ 0.01; ***p Ͻ 0.001; t test). Scale bars, 10 m.
after incubation with conditioned neuronal medium or Rho inactivation. The changes in membrane transport described in this study may contribute to the formation of condensed membrane domains in the plasma membrane of Oli-neu cells. Another, but not mutually exclusive, possibility is an increase in the biosynthesis of specific lipids and/or proteins after Rho inactivation or after receiving conditioned neuronal medium.
During development, oligodendrocytes regulate the composition as well as the size of their plasma membrane. Cells have, in general, a high rate of endocytosis. In fact, most cells internalize their entire cell surface within a few hours and keep a large fraction of their membrane in intracellular endosomal pools (Bomsel et al., 1989) . In Oli-neu cells, the inactivation of Rho or the treatment with conditioned neuronal medium did not only reduce fluid-phase uptake but also increased the cell surface area. It is tempting to speculate that the regulation of cell size involves the balance between exocytosis and endocytosis. After differentiation, oligodendrocytes seem to shift this balance toward a high rate of exocytosis and a low rate of endocytosis, possibly to extend their surface, which eventually becomes ϳ10,000 times greater than that of a typical animal cell (Pfeiffer et al., 1993) .
Previous work has shown that extracellular matrix components, such as laminin-2, promote extensive membrane extension in oligodendrocytes through integrin interactions (Buttery and ffrenchConstant, 1999; Chun et al., 2003; Colognato et al., 2004) . The specific downregulation of a clathrin-independent endocytosis pathway by attachment to the extracellular matrix is interesting in this aspect (del Pozo et al., 2005) . PLP, which forms a signaling complex with integrins in oligodendrocytes, may directly participate in the regulation of its own endocytosis by binding to the extracellular matrix (Gudz et al., 2002 (Gudz et al., , 2006 . Interestingly, a recent study shows that changes in the extracellular matrix regulate intracellular vesicular trafficking pathways in oligodendrocytes (Siskova et al., 2006) .
The clathrin-independent endocytosis pathway that we identified in Oli-neu cells may be related to a previously described clathrin-and caveolin-independent pinocytic pathway (Sabharanjak et al., 2002) or to a closely related pathway implicated in the uptake of interleukin 2 receptors (Lamaze et al., 2001 ) and sodium pumps (Schmalzing et al., 1995) . Because these pathways work constitutively and have a preference for specific lipids, they may have a very important role in the regulation of plasma membrane size and composition. The family of Rho GTPases are particularly well positioned to participate in this process of surface area homeostasis. Rho GTPases are able to respond to specific cues from the extracellular environment and Figure 6 . Changes in c-Src activity regulate the dynamics of LE/L. A, Oli-neu cells were incubated with conditioned neuronal medium (cnm) for 16 h or left untreated, cell lysates were prepared, and equal amounts of total protein were loaded and separated by SDS-PAGE. Src levels were determined by Western blot analysis. Values are presented as the mean Ϯ SD (n ϭ 4 experiments; *p Ͻ 0.05; t test). B, To determine the activity of c-Src, Oli-neu cells were treated with conditioned neuronal medium or were untreated, and the cell lysates were immunoprecipitated with anti-Src antibodies and subjected to kinase assays. Results are expressed as the mean Ϯ SD of four experiments (*p Ͻ 0.05; t test). C, Primary oligodendrocytes (pOL) were cultured for 2-5 d, and levels of Src were determined at an early stage (cells with processes) and at a later stage of differentiation (cells with sheets) by quantifying immunofluorescence intensities. The specificity of the signal was demonstrated by preincubation with a blocking peptide (bp). Values are presented as the mean Ϯ SE (n Ͼ 15 cells; **p Ͻ 0.01; t test). D, Oli-neu cells were cotransfected with plasmids encoding for PLP-myc and constitutively active c-Src-EGFP (Src ca). E, Primary oligodendrocytes were transfected to express constitutively active c-Src-EGFP (Src ca). Immunofluorescence analysis reveals colocalization of c-Src-EGFP with Lamp-1. Note also the perinuclear clustering of LE/Ls. F, Oli-neu cells were transfected with membrane-targeted GFP (ctrl) or the constitutively active c-Src (Src ca), treated with conditioned neuronal medium, labeled with LysoTracker red, and imaged by confocal microscopy. Relative motility of LE/Ls was determined as described in Figure 3A . Values represent the mean Ϯ SE (n Ͼ 20 cells; ***p Ͻ 0.001; t test). Scale bars, 10 m.
to coordinate the cellular response by linking membrane with actin dynamics (Ridley, 2006) .
It is interesting that Rho and tyrosine kinases not only regulated the transport of cargo to LE/Ls but also controlled the dynamics of LE/Ls. LE/Ls may have a specialized function in oligodendrocytes, namely to store and release membrane after request. The observations that a large fraction of PLP accumulates undegraded in LE/Ls (Simons et al., 2002; Trajkovic et al., 2006) and that degradation of PLP involves the proteasome system (Kramer-Albers et al., 2006; McLaughlin et al., 2006) are consistent with this function. We found that RhoB-dependent and c-Src-dependent signaling pathways are responsible for the mobilization of LE/Ls. A RhoD-hDia2C-Src signaling cascade has been shown previously to regulate early endosome dynamics, suggesting that different RhoGTPases use similar effectors to control the motility of distinct populations of endosomes (Gasman et al., 2003) . Additional work will be required to determine whether the mobilization of LE/Ls to the plasma membrane by Rho inactivation triggers LE/L membrane exocytosis in oligodendrocytes. Interestingly, regulated exocytosis of LE/Ls has been implicated recently in the regulation of process outgrowth and arborization in neurons (Arantes and Andrews, 2006) .
Our results stress the important role of Rho in vesicular trafficking and demonstrate how changes in Rho activity can induce a switch between two modes of membrane transport. This work, together with previous studies, suggests that Rho inactivation is a critical factor to initiate the growth of myelin membrane in oligodendrocytes (Liang et al., 2004; Mi et al., 2005) . Signaling from integrins to Fyn and Rho may play a critical role in the regulation of this pathway (Osterhout et al., 1999; Wolf et al., 2001; Liang et al., 2004) . In contrast, the activity of other Rho GTPases, Cdc42 and Rac1, seems to increase as differentiation proceeds, and recent evidence suggests that its activity is required to regulate a late stage in myelin formation (Liang et al., 2004; Thurnherr et al., 2006) . Interestingly, in Schwann cells of the peripheral nervous system, the Rho-ROCK pathway is not inactivated during myelination as in oligodendrocytes (Melendez-Vasquez et al., 2001) . Instead, it is switched on in Schwann cell microvilli, where it seems to play an important role in regulating the myelination of peripheral nerves (Gatto et al., 2003; Melendez-Vasquez et al., 2004) . It will now be important to determine how the Rho GTPases are regulated and to identify the neuronal signals that reduce Rho activity in oligodendrocytes.
It is intriguing that neurons and oligodendrocytes seem to use Rho-kinase-dependent mechanisms for bidirectional communication. It is well known that many oligodendrocyte-derived inhibitors limit axonal regeneration by activating a RhoA signaling pathway in neurons (Yiu and He, 2006) . Likewise, it is feasible that Rho is turned on in oligodendroglial cells in diseases such as multiple sclerosis, in which the differentiation of oligodendrocytes is blocked in the vicinity of demyelinating lesions. Therefore, more knowledge in the regulation of Rho in oligodendrocytes may not only provide new insights into the development of myelin but also in the pathogenesis of myelin-related diseases. Neurons and RhoGTPase inactivation trigger plasma membrane condensation in Oli-neu cells. A, Oli-neu cells were left untreated (ctrl) or treated with C3 transferase or conditioned neuronal medium (cnm) for 16 h, labeled with Laurdan, fixed, and processed for microscopy analysis. GP values were calculated from the Laurdan intensity images and pseudocolored as indicated (low to high GP values from blue to red). B, GP values at the cell borders (3-6 pixels) were measured (n Ͼ 100 values from Ͼ15 cells), and values were presented in the graph as the means Ϯ 2SE( p Ͻ 0.001). C, For cells treated with conditioned neuronal medium and C3 transferase, GP values were measured for the membrane in the processes and for membrane enclosing the cell body. The GP values differed significantly ( p Ͻ 0.001), indicating a polarization of the cell surface.
